The diversity of T-cell populations is determined by the spectrum of antigen-specific T-cell receptors (TCRs) that are heterodimers of a and b subunits encoded by rearranged combinations of variable (AV and BV), joining (AJ and BJ), and constant region genes (AC and BC). We have developed a novel approach for analysis of b transcript diversity in mice with a real-time PCR-based method that uses a matrix of BV-and BJ-specific primers to amplify 240 distinct BV-BJ combinations. Defined endpoints (Ct values) and dissociation curves are generated for each BV-BJ combination and the Ct values are consolidated in a matrix that characterizes the b transcript diversity of each RNA sample. Relative diversities of BV-BJ combinations in individual RNA samples are further described by estimates of scaled entropy. A skin allograft system was used to demonstrate that dissection of repertoires into 240 BV-BJ combinations increases efficiency of identifying and sequencing b transcripts that are overrepresented at inflammatory sites. These BV-BJ matrices should generate greater investigation in laboratory and clinical settings due to increased throughput, resolution and identification of overrepresented TCR transcripts.
INTRODUCTION
The diversity of T-cell repertoires is dependent on the range of combinations of unique a and b subunits that determine the antigenic specificity of T-cell receptors (TCRs). This specificity is determined by the utilized variable (V) and joining (J) regions in a and b subunits as well as the diversity (D) regions in b subunits (1) . Recombinations between V and J gene segments result in the formation of complementarity-determining region 3s (CDR3s) that include the carboxy and amino termini of the V and J segments, respectively, as well as variable numbers of random nucleotides inserted between the V and J segments. CDR3s impact antigenic specificity through their lengths and amino acid sequences (2) (3) (4) (5) that contact the amino and carboxy termini of peptides that are bound to the products of major histocompatibility complex (MHC) class I and class II genes (6) . Analysis of the diversities of TCR repertoires has been aimed at (i) quantitating the diversity of a and b transcripts within T-cell populations and (ii) identifying and sequencing overrepresented TCR transcripts. A number of methods have been developed to evaluate diversity through quantitation of the speed and efficiency of rehybridization of denatured PCR products from populations of b transcripts (7, 8) and hybridization of cRNA from b transcripts to arrays of expressed sequence tags from human genes (9) . The identification of overrepresented TCR transcripts involves (i) the cloning and sequencing of b transcript sequences from selected populations of cDNA or PCR products and/or (ii) the cloning of T cells followed by amplification and sequencing of TCR transcripts.
The only experimental platform that both evaluates TCR diversity and identifies prominent b transcripts is spectratyping, or immunoscope, that is based on the observations that transcripts carrying a single BV or AV gene segment normally include CDR3s that exhibit Gaussian distributions of length. This method involves reverse transcriptase-polymerse chain reaction (RT-PCR) amplification of a and b transcripts using V genespecific forward primers and a constant region reverse primer followed by electrophoretic separation of amplicons for the display of distributions of CDR3 lengths (10) (11) (12) . Spectratyping has been useful for two purposes: (i) evaluation of diversity since TCR transcripts from normal T-cell populations display Gaussian distributions of CDR3 lengths whereas amplicons from selected populations can exhibit reductions in variability of CDR3 lengths due to restrictions in diversity and/or antigendriven expansion of specific T cells (12) and (ii) identification of amplicons with single CDR3 lengths for direct sequencing that can be successful if a single amplicon is present for a single V gene primer (12) (13) (14) . BJ-specific primers have been selected for increased resolution *To whom correspondence should be addressed. Tel: +1 507 284 9654; Fax: +1 507 284 3757; Email: wettstein.peter@mayo.edu ß 2008 The Author(s) This is an Open Access article distributed under the terms of the Creative Commons Attribution Non-Commercial License (http://creativecommons.org/licenses/ by-nc/2.0/uk/) which permits unrestricted non-commercial use, distribution, and reproduction in any medium, provided the original work is properly cited.
through re-amplification of BV-BC amplicons (15, 16) , but these BV-BJ re-amplifications have not been utilized for the routine analysis of TCR diversity. The identification and sequencing of overrepresented transcripts at inflammatory sites, tumors, and transplanted organs, can provide important data for understanding the diversity of T-cell populations at those sites as well as characteristics of CDR3 regions expressed by the overrepresented T cells.
Despite the capacity of spectratyping to both evaluate diversity and antigen-driven selection, technical complexities appear to have limited its wide-spread application, as evidenced by the drive to develop the alternative, hybridization-based approaches described above (7) (8) (9) . Methods that utilize quantitative (real-time) RT-PCR have more recently been developed to quantitate the relative percentages of T cells that express individual BV genes (17, 18) , but these methods lack the resolution required to effectively evaluate repertoire diversity and efficiently identify overrepresented transcripts due to their BV gene-specific amplifications. The capacity of real-time PCR methodology to simultaneously monitor amplification in multiple reactions with high sensitivity offers an opportunity to develop TCR repertoire analysis with improved levels of resolution, speed and cost. In this communication, we describe a real-time PCR method that is designed to individually and simultaneously amplify all 240 BV-BJ combinations expressed by murine T cells. The increased complexity of this matrix of 240 combinations increases the resolution of the analysis of repertoire diversity as well as the efficiency of identification and sequencing of overrepresented transcripts.
MATERIALS AND METHODS

Mice
C57Bl/10SnJ (B10), C57BL/6J (B6), B10.129-H4 b (21M), and NOD.CB17-Prkdc scid /J (NOD-scid) mice were purchased from the Jackson Laboratory (Bar Harbor, ME). BALB/c-nude mice were purchased from Taconic Farms, (Germantown, NY, USA). All mice were housed in the barrier facility in the Mayo Clinic Department of Comparative Medicine, and all mice were raised and maintained with protocols approved by the Institutional Animal Care and Use Committee of the Mayo Clinic.
Cell harvests and skin grafting
Lymphocyte populations were suspended by pressing spleens through nylon bolting cloth (100 mm pore size); lymphocytes were resuspended in lysis buffer (RNeasy Protect MiniKit, Qiagen, Valencia, CA, USA) for storage at À80
8 C. T cells were enriched from spleen cell suspensions from nude mice by panning over dishes coated with affinity-purified goat anti-mouse immunoglobulin as previously described (19) . Transplantation of orthotopic tail skin grafts ($2 Â 5 mm 2 in size) was performed according to the previously described technique (20) . All skin grafting was performed with donors and recipients that were anesthetized with sodium pentobarbital. Each recipient of primary allografts received a single autograft and two allografts. Second through fifth sets of two skin allografts were transplanted $14 days after rejection of the preceding set of allografts. Fifth set grafts were harvested during the process of rejection, and harvested grafts were immediately transferred to lysis buffer for storage at À80 8 C.
Experimental method for b transcript amplification
Murine TCR b transcript repertoires include transcripts that result from rearrangements between 21 BV and 12 BJ gene segments. The described method ultimately involves the simultaneous amplification of 240 BV-BJ combinations by real-time PCR using 20 BV-and 12 BJspecific primers ( Figure 1 ). Briefly, b transcripts are first reverse-transcribed from total RNA with a biotinylated BC region reverse primer and amplified with pools of BV-specific forward primers. The resulting amplicons are mixed with streptavidin-coated magnetic beads to enrich products that include the biotinylated BC region primer. The bead-enriched products are delivered to microtiter wells for amplification in real-time PCR using 240 nested BV-BJ primer pairs.
Extraction of total RNA
Total RNA was extracted from suspended splenocytes and tail skin grafts from individual mice using an RNeasy Protect MiniKit (Qiagen) according to the manufacturer's instructions. Approximately 0.6 mg and 1.5-5.0 mg total RNA were extracted per million splenocytes and two skin grafts, respectively. Residual genomic DNA was removed from extracted RNA samples using an RNaseFree DNase Set (Qiagen). Total RNA was diluted to 5 ng/ml in water immediately prior to use in RT-PCRs. BV5   BV2   BV1  BV3  BV4   BV5   BV2   BV1  BV3  BV4   BV5   BV2   BV1  BV3  BV4   BV5   BV2  BV1  BV2  BV3   BV5   BV4   B  B  B  B  B . . . . . 
Primers
The RT-PCRs and real-time PCRs required the following primers: (i) a reverse BC region primer that was biotinylated at the 5 0 -end, (ii) a pair of nested forward primers specific for each of the 21 individual BV genes and (iii) a set of reverse primers specific for the 12 individual BJ genes ( Table 1) . Sequences of 21 forward, outer BV primers are homologous to sequences within the CDR1 regions of BV genes, and these primers are divided into four primer pools based on relative homologies. Twenty nested BV primers are based on sequences within the CDR2 regions. The relatively high homology between BV8.1 and BV8.2 genes was problematic for discriminating amplification. Although the BV8.1-and BV8.2-specific primers for RT-PCRs were distinguished by two nucleotide substitutions in the first four nucleotides at the 3 0 -ends, we were not confident of their capacities to distinguish BV8.1 and BV8.2 genes. Considering the technical complexities in setting up real-time PCRs with such a large matrix, we chose to place the BV8.1-and BV8.2-specific outer primers in the same pool for RT-PCRs and co-amplify them with a single inner primer in realtime PCRs. All primers were synthesized by the Invitrogen (Carlsbad, CA,USA) Supply Center located at the Mayo Clinic Primer Core Facility (Rochester, MN, USA). The biotinylated BC region reverse primer was diluted to 20 mM in water. Outer, forward BV primers for RT-PCRs were mixed in four pools: three pools of five primers and one pool of six primers. The concentration of each primer in a pool was adjusted to 6.6 mM in water. BV-and BJ-specific primers for real-time PCRs were diluted to 10 mM in water.
RT-PCRs
RNA templates were denatured at 758C for 4 min and placed on ice prior to addition to RT-PCR reactions. Four pooled RT-PCRs were performed in 25 ml volumes using (i) a master mix from a one-step RT-PCR Kit (Qiagen; 20 ml), (ii) 15 ng of denatured total RNA (3 ml), (iii) 20 pmol of a 5 0 -biotinylated BC primer (1 ml) and (iv) 6.6 pmol of each of the pooled BV primers (1 ml of pooled primers). RT-PCRs were performed on a PTC-225 Peltier Thermal Cycler (MJ Research, Waltham, MA, USA) as follows. cDNA was synthesized at 508C for 32 min followed by incubation at 958C for 15 min to inactivate the reverse transcriptase. Subsequent PCR 
Enrichment of biotinylated PCR products
Biotinylated RT-PCR products were enriched with magnetic My One TM Streptavidin C1 Dynabeads (Dynal Biotech ASA, Oslo, Norway) using the manufacturer's magnet and protocol. For each RT-PCR product, 50 ml of Dynabeads were washed 2-times in 50 ml of 2Â washing and binding buffer [10 mM Tris-HCl (pH 7.5), 1 mM EDTA, and 2 M NaCl]. The washed beads were resuspended in 100 ml of 2Â washing and binding buffer and added to 50 ml of sterile water and the RT-PCR product (50 ml). The bead + product suspensions were gently shaken at room temperature for 15 min. The productbound beads were washed twice with 100 ml of 1Â washing and binding buffer and then resuspended in 100 ml of 10 mM Tris-HCl, pH 8.5. Suspensions of ampliconbound beads were diluted 1:10 immediately prior to use as templates in real-time PCR reactions.
Real-time PCR
A total of 240 individual real-time PCRs (20 BV and 12 BJ primers) were performed in 10 ml volumes in 384-well Clear Optical Reaction Plates with Optical Adhesive Covers (Applied Biosystems, Foster City, CA, USA). The components of reactions were (i) 5 ml of Power SYBR Green PCR Master Mix (2Â) (Applied Biosystems), (ii) 1 ml of the respective amplicon-bound bead suspension, (iii) 10 pmol of a nested BV primer (1 ml) and (iv) 10 pmol of a BJ-specific primer (1 ml) and 2 ml of nuclease-free water (Qiagen). Cycling was performed on an ABI Prism 7900HT Sequence Detection System at the AGTC Microarray Shared Resource Core Facility (Mayo Clinic Rochester, MN, USA) using SYBR Green detection. Cycling parameters were as follows: (i) an initial incubation at 508C for 2 min, (ii) a 10 min incubation at 958C to activate the DNA polymerase and (iii) 40 cycles of 15 s at 958C followed by 1 min at 608C. Dissociation curves were generated by (i) incubating the amplicons at 958C for 15 s, (ii) reducing the temperature to 608C for 15 s and (iii) increasing the temperature to 958C over a dissociation time of 20 min. Data were analysed with the 7900HT Sequence Detection System (SDS) Version 2.3 software (Applied Biosystems) to estimate cycle threshold (Ct) values and dissociation curves to estimate the optimal melting temperatures for all reactions. Ct values are fractional cycle numbers at which fluorescence equals the threshold level (designated by a horizontal line in Ct plots), that is automatically set to be within the exponential region of the amplification curve where there is a linear relationship between the log of change in fluorescence and cycle number. Dissociation curves are formed by plotting rising temperatures versus the change in fluorescence/ change in temperature.
Sequence analysis
Real-time PCR products were cleaned using a QIAquick PCR Purification Kit prior to sequencing with 2 pmol of the respective, nested BV primers. Sequencing was performed by the Mayo Clinic Molecular Biology Core Facility using a Big Dye Terminator v1.1 Cycle Sequencing Kit (Applied Biosystems) prior to sequence analysis with a 96-capillary ABI PRISM TM 3730 XL DNA Analyzer (Perkin Elmer Applied Biosystems, Foster City, CA, USA) by the Mayo Clinic Molecular Biology Core Facility.
Statistical analysis
The relative abundance of BV-BJ combinations was defined by the observed Ct values. Dissociation curves were used to confirm the presence of amplicons from b transcripts by excluding (i) primer-dimers that had relatively low melting temperatures and (ii) amplicons with dissociation peak heights that did not exceed a threshold of 0.07 (change in fluoresence/change in temperature). This threshold was selected experimentally due to the inability to sequence amplicons that were below this value. Amplicons with either or both of these characteristics were assigned Ct values of >40 cycles. The diversities of the 240 BV-BJ combinations within individual RNA templates were estimated by Shannon entropy (21) that has been used for estimating variability at individual amino acid positions in immunoglobulin variable region (V) gene products (22) . An estimate of scaled entropy (H) was calculated for each BV-BJ matrix by the equation H = AE(P log 2 P)/log 2 (1/240) where P was the probability of abundance calculated for each BV-BJ combination by the equation P = 2
Ày /AE2 Ày where y was the Ct value for the BV-BJ primer pair and P = 0 when Ct > 40 cycles.Scaled entropy ranges from 0 to 1 with 1 representing maximal diversity.
RESULTS
Experimental method
The diversity of expressed combinations of individual BV and BJ genes is a major contributor to the diversity of TCR repertoires. Two hundred and fifty-two BV-BJ combinations can be expressed in mice based on 21 BV and 12 BJ genes. A real-time PCR matrix was developed to evaluate expression of transcripts carrying 240 different BV-BJ combinations using 20 BV primers and 12 BJ primers. The BV8.1 and BV8.2 genes were grouped together due to their relatively high level of homology. The flow of the experimental method is presented in Figure 1 . Templates for real-time PCRs were amplified in four pooled RT-PCRs using (i) total RNA as template, (ii) a reverse constant region primer that was biotinylated at the 5 0 end and (iii) four pools of five to six BV-specific primers. RT-PCRs were performed with pooled BV primers to conserve total RNA, and BV-specific primers were placed in pools on the basis of relative homology to minimize cross-priming. Excess primers were washed from amplified products by direct column purification prior to their addition to streptavidin-coated magnetic beads to enrich products carrying the biotinylated BC primer. Bead-based enrichment of RT-PCR products was included in the method rather than simple dilution of the products since it was shown to increase specificity in the downstream real-time PCRs (data not shown), presumably due to the elimination of non-specific products derived from non-specific pairing of the pooled BV primers.The selections of numbers of cycles in RT-PCRs and the extent of dilution of bead-enriched products were interrelated and determined by (i) the numbers of BV-BJ primer pairs for real-time PCRs, (ii) the range in representation of transcripts carrying different BV-BJ combinations and (iii) the minimization of the numbers of amplicon-bound beads added to real-time PCRs. Amplicon-bound beads were diluted and aliquoted into the wells of 384-well plates along with 240 combinations of nested BV-and BJ-specific primers. Amplification was monitored by the uptake of SYBR Green with automated estimation of Ct values throughout each reaction. Dissociation curves were generated after the final amplification cycle by increasing.the temperature from 60-958C. The selection of SYBR Green to monitor amplification was based on the difficulty and expense in designing and synthesizing fluorochrome-labeled probes for individual BV genes. SYBR Green also allows analyses of dissociation peak shapes to visually distinguish products of single and multiple transcripts. Lack of specific amplification was concluded if: (i) SYBR Green uptake had not reached the threshold for estimation of a Ct value: (ii) there had been a low melting temperature that was not characteristic of b transcript products: or (iii) heights of dissociation peaks did not exceed a threshold of 0.07 (change in fluorescence/change in temperature). In such cases, Ct values of >40 cycles were assigned.
TCR repertoires in normal mice
BV-BJ matrices were first used for the analysis of b transcript repertoires in lymphocyte populations from normal mice. The data presented in Figure 2A were derived from the amplification of total RNA extracted from splenocytes harvested from a single B6 mouse; 15 ng RNA were used for each pooled RT-PCR. Ct values were estimated for each BV-BJ combination, taking into consideration the dissociation curves to confirm the amplification of b transcripts and exclude primer-dimers based on the curves of melting temperatures. The threshold for Ct value estimation was reached with all BV-BJ combinations and all melting curves were consistent with amplification of b transcripts. The vast majority of Ct values (95%) were between 16 and 24 cycles (Figure 2A and B) . These results demonstrate that all 240 BV-BJ combinations can be amplified with the utilized primer sets.
Amplification in a total of 25 RT-PCR cycles and 40 real-time PCR cycles requires careful attention to potential sources of experimental error. Two additional replicate assays were performed with the same source of RNA template to evaluate reproducibility ( Figure 2C and D Figure 2E ), and these ranges are well within the sensitivity range of AE0.5 cycles reported with the use of gene expression master mixes for real-time PCR (personal communication, Applied Biosystems). The effects of different lymphocyte sources of total RNA on the reproducibility of results from BV-BJ matrices can be assessed by comparing the mean Ct values, described in Figures 2-5 , that were obtained with RNA extracted from splenocytes harvested from multiple C57 background mice.
The amplification of b transcripts with outer BV primers in RT-PCRs increases the specificity of amplifications in fully nested BV-BJ-specific real-time PCRs. However, RT-PCR amplifications through 25 cycles could potentially lead to saturated product levels which could distort the distributions of b transcript products and, therefore, alter the results of the BV-BJ matrix. Figure 4D and E) . Further, no consistent effect of titration (undiluted ! 1/16) was observed for the <10% of BV-BJ combinations whose ÁC t values fell outside of these ranges suggesting that these shifts were not due to reproducible differences in BV-BJ primer pair efficiences.
Normal T-cell populations exhibit variable levels of expression of both BV and BJ genes (23-26), and it could be expected that reducing the amount of starting RNA template for the BV-BJ matrix results in the loss of detection of transcripts that carry BV-BJ combinations that are low in abundance. The data presented above suggest that the speed of amplification in the real-time PCR phase of the BV-BJ matrix method is directly related to the amount of bead-enriched template. However, the Ct values in the BV-BJ matrix are the product of amplification in both the real-time PCRs as well as the pooled RT-PCRs. Predictably, the RT-PCRs are more complex reactions given the heterogeneous template and pooled BV primers that potentially could result in non-specific amplification and competition between BV primers for amplification with the biotinylated BC primer. Accordingly, these amplifications may be more sensitive to variations in amounts of template RNA.
We investigated the effects of RNA titration on amplification with BV-BJ primer pairs. Total RNA was extracted from B6 splenocytes and amplified in pooled RT-PCRs after either no dilution or 1/4 and 1/16 dilutions. Bead-enriched templates were then amplified in real-time PCRs to evaluate the effects of RNA template dilution on mean Ct values and ÁC t values for individual BV-BJ primer pairs. Reductions in amounts of RNA template resulted in increases in mean Ct values ( Figure 5A -C) with increased tailing toward higher Ct values with extended (1/16) dilution. Further, the breadths of the major peaks of ÁC t values were increased following dilution ( Figure 5D and E) over those observed with 1/4 and 1/16 dilutions of bead-enriched templates for real-time PCRs (Figure 4D and E). The increases in ÁC t variability are not unexpected given that template dilutions were represented transcripts and (ii) are sufficient for detection of poorly represented transcripts to maximize the observable diversity of BV-BJ combinations.
Detection of variable diversity
The analyses of multiple inbred mice with the BV-BJ matrix have shown that BV-BJ combinations exhibit only minor variations in representation in normal C57 background mice (data not shown). This relative homogeneity may be based in the housing of these genetically identical mice under specific pathogen-free conditions that do not exert significant selective pressures on T-cell populations. The ability of the BV-BJ matrix to detect repertoires with reduced or skewed diversity was investigated through the use of genetically immunocompromized mice and populations of lymphocytes that were purposefully mixed with monoclonal T-cells. Immunocompromized mice included (i) NOD-scid mice that lack B and T cells and (ii) nude mice that are athymic but capable of low levels of extra-thymic T cell development leading to accumulations of detectable T-cell populations with increasing age (27) . Spleens were harvested from nude mice at 16 weeks of age based on previous observations that populations of CD4 + and CD8 + T cells have accumulated by that age (27) . B cells were depleted from nude spleen cells by panning over dishes coated with goat anti-mouse Ig. The eluted cells were 50% T cells based on flow cytometric analysis using fluorochrome-labeled antibodies specific for CD3, CD8 and CD4 (data not shown). Total RNA was extracted from these populations and analysed by the BV-BJ matrix ( Figure 6B for one representative mouse). The results of the BV-BJ analysis of nude T cells differed from those of normal B10 T cells ( Figure 6A ) in two principal respects: (i) the median Ct value (23.9 cycles) was 5.4 cycles slower than the median Ct value for normal B10 T cells and (ii) no amplification was observed for 20% of the BV-BJ combinations. The apparent reduction in diversity of the nude TCR repertoire was supported by Shannon entropy analysis that yielded scaled entropy values of 0.88 and 0.73 for normal and nude T cells, respectively. Reduced diversity in the nude BV-BJ matrix was also indicated by the identification of amplicons from the real-time PCRs that had dissociation curves with reduced breadth suggesting reduced complexity. Six amplicons of this type were selected for direct sequencing and four amplicons yielded single-copy sequences for clear translations of the CDR3s (included in Figure 6B ). Greater reduction in BV-BJ diversity was observed through analysis of splenocytes from an NOD-scid mouse. NOD-scid mice lack B and T cells due to a mutation in the Prkdc gene (28) so they provide a physiological negative control for the specificities of the BV and BJ primers. Total RNA extracted from whole splenocyte populations were amplified with the BV-BJ matrix method ( Figure 6C for one sample). Products were obtained for only six BV-BJ combinations with Ct values ranging from 26.4 to 39.2 cycles. At least one of these products derived from a single transcript as evidenced by the ability to obtain single copy sequence (included in Figure 6C ). These six BV-BJ primer pairs did not yield products with the second RNA template (data not shown). These results indicated that the amplifications in the BV-BJ matrix method required RNA extracted from T lymphocytes. Figure 6 . Representations of 240 BV-BJ combinations in RNA extracted from normal and immunodeficient mouse spleen cells. Total RNA was extracted from normal B10 splenocytes (A), B cell-depleted nude mouse splenocytes (B), and NOD-scid spleen cells (C), and amplified by the BV-BJ matrix method. Amplicons with relatively narrow dissociation curves were selected for direct sequencing and the translations of single copy sequences are presented.
The identification of single copy sequences in amplicons derived from nude mouse T cells suggests that the BV-BJ matrix method is capable of amplifying and identifying overrepresented transcripts for direct sequencing. An additional test involved the mixing of normal T-cell populations with limited numbers of monoclonal T cells prior to total RNA extraction. Normal B6 spleen cells were mixed in a 100:1 ratio with splenocytes from an OT-1 transgenic mouse whose T cells expressed a BV5.2-BJ2.7 rearrangement (29) . Total RNA that was extracted from the mixed cells was amplified in pooled RT-PCRs and reamplified by real-time PCRs. The dissociation curves for wells combining the BV5.2 primer with the 12 BJ primers are presented in Figure 7 . The BV5.2-BJ2.7 primer pair yielded accelerated amplification (Ct = 16 cycles) when compared with Ct values from the other 11 BV5.2-BJ primer pairs (19-24 cycles) . Further, the dissociation peak from the BV5.2-BJ2.7 primer pair had increased magnitude and reduced width. This product was directly sequenced and yielded single-copy sequence which translated into the reported OT-1 CDR3 sequence (CASSRANYEQY). These results and those presented above for amplification of RNA from nude mice demonstrate that the BV-BJ matrix has the capacity to identify and ultimately sequence overrepresented TCR b transcripts within whole populations of lymphocytes.
Restricted repertoires in rejecting skin allografts
The separate amplifications of 240 individual BV-BJ combinations should increase the capacity for identifying and sequencing amplicons from overrepresented b transcripts expressed by T-cell populations that infiltrate sites of inflammation. The utility of the BV-BJ matrices for identifying such transcripts was investigated using a model of skin allograft rejection. We have reported that successive sets of skin allografts that are incompatible for a single minor histocompatibility antigen (MiHA) are infiltrated by changing populations of T cells (30) . These experiments utilized spectratyping to identify b and a transcripts that were overrepresented at the time of allograft rejection. For the present experiments, we harvested fifth set allografts that expressed either the H4 or HY MiHAs and were in the process of being rejected. Total RNA was extracted from the rejecting allografts and amplified in pooled RT-PCRs and subsequent real-time PCRs.
The matrices from allografts harvested from two recipients for each MiHA (Figures 8 and 9 ) indicate significantly reduced diversity in comparison to matrices from normal T-cell populations. Specific amplification was observed for only 28-40% (H4) and 60-70% (HY) of the BV-BJ combinations. Ct values were increased over those observed with normal T cells indicating reduced amounts of b transcript templates. In addition, the widths of dissociation curves were highly variable in comparison to those same amplifications of templates from normal mice (Figure 10 ) suggesting that the amplified products were variable in their complexity. Working under the assumption that the most narrow dissociation peaks included single products, sets of BV-BJ products were selected from the matrices from single recipients for sequencing with the respective BV primers. Single copy sequences with productive rearrangements were obtained for 81% of the sequenced BV-BJ products from both H4-and HY-incompatible grafts (Tables 2 and 3 ). All sequences included the expected BV sequences indicating that the sequenced BV-BJ amplifications were at least BV-specific. BJ identity was confirmed in 92% of the sequences derived from H4-incompatible grafts, and the remaining sequences included shortened BJ segments. Multiple products were observed with 13 and 12% of the products from H4-and HY-incompatible grafts, respectively, and 5% (H4) and 6% (HY) of the products were non-productive rearrangements. Only 1% of the products could not be sequenced due to low amounts of product. The CDR3s that were derived from the H4-incompatible grafts were inspected for net charges and lengths to compare them to CDR3 sequences that we have previously obtained from multiple sets of H4-incompatible grafts (30) . The mean net charges (À0.8) and lengths (8.4 amino acids) were comparable to the CDR3s previously obtained from fifth set grafts.
DISCUSSION
T-cell populations must sustain sufficient diversity to both maintain memory responses as well as mount effective responses by naı¨ve T cells, and the diversity of T-cell populations is determined by the diversity of expressed TCRs. An approach for rigorously evaluating TCR diversity would expectedly offer new opportunities to analyse T-cell repertoires in individuals with compromized or reconstituted immune systems. Such an approach should also find increased utility in the analysis of T-cell populations that infiltrate sites of autoimmunity, rejection of transplants and elimination of tumors, in order to provide information on the diversity of infiltrating T cells. Spectratyping has played an essential role in these analyses but appears to be somewhat limited in broad, clinical applications due to a number of limitations. The method is relatively time-consuming and generates data that are difficult to statistically evaluate since the data are spectra of CDR3 lengths that are generated by gel electrophoresis and are highly variable in amplitude and length distribution. The analysis of diversity has generally been performed by visual inspection of the data, and a statistical method has been reported for identifying significant skewing in spectratypes but not comparing diversities of different RNA templates (31) . The identification of overrepresented b transcripts is limited by the BV gene-specific amplifications; with this level of resolution, the identification of a single, overrepresented transcript requires that expression of a single BV gene be limited to a single, predominant T-cell clonotype. The efficiency of identification of overrepresented transcripts by spectratyping has been increased by re-amplification with BJ primers (15) , but this approach is not amenable to routine monitoring of repertoire diversity due to cost and labor intensity. Alternative methods have been reported for evaluating repertoire diversity through quantitation of (i) re-annealing of amplicons from b transcripts (7, 8) and (ii) hybridization of b transcript cRNAs to arrays of oligonucleotides that are unrelated to b transcripts (9). It is certainly not clear that the former methods can be extended to the analysis of total repertoires rather than limited subsets of b transcripts, i.e. specific BV-BJ combinations, and the statistical methods for analyzing the data produced by these assays have not been clearly described. Even if these limitations are overcome, these methods are still restricted to analysis of diversity of T-cell populations without any possibility of identifying and sequencing overrepresented transcripts.
The BV-BJ matrix method was designed to efficiently analyse the diversities of b transcript repertoires and maximize identification and sequencing of overrepresented b transcripts. The use of real-time PCR instrumentation for analysis of TCR repertoires offers a number of improvements in sensitivity, sample handling, data acquisition and data analysis. First, the simultaneous monitoring of amplification in all reactions through incorporation of SYBR Green provides estimates of the tempo of amplification throughout entire reactions with estimations of Ct values. Second, automated melting at the completion of the reactions provides dissociation curves for confirming specific amplification. These automated analyses eliminate the additional sample handling and electrophoretic separation required in spectratyping for identification, separation and quantitation of products. Third, the simultaneous analysis of amplification with a single matrix of BV-BJ primer pairs simplifies data organization and statistical analysis. The dissection of b transcript repertoires with a matrix of defined BV-BJ combinations enabled us to estimate relative b transcript diversities by Shannon entropy that has been used previously to estimate the variability of individual amino acid positions in the variable regions of immunoglobulin heavy chains and TCR b chains (22, 32) . The relatively large number of BV-BJ primer pairs increases the sensitivity of Shannon entropy (21), and continuous Ct values, rather than simple 'presence' or 'absence' of amplification, increase the amount of information in these diversity estimates. Fourth, the increased resolution associated with 240 BV-BJ combinations improves the efficiency of identifying and sequencing overrepresented transcripts due to the increased number of individual PCRs that increases the probability of isolating products derived from single, prominent b transcripts. Regarding the specificity of amplification with the BV-BJ matrix, products from 131/240 BV-BJ primer pairs have now been sequenced with 100% fidelity for BV and BJ genes (Figures 8 and 9 ; and data not shown). All 21 BV genes are represented in this set of sequenced products, thereby confirming the specificity of all nested BV primer pairs. In addition to these methodological advantages, the use of BV-BJ primer pairs in real-time PCRs constitutes a fundamentally different approach to analyzing the diversity of b transcripts expressed by T-cell populations. TCRs recognize peptides bound by MHC molecules with specificity being directed toward both MHC molecules and bound peptides. V regions of TCR a and b subunits bind principally to MHC molecules through CDR1 and CDR2 regions with limited, if any, direct contact with bound peptides, and J regions have limited contacts with MHC + peptide (33) . CDR3s in the a and b subunits provide the major contacts with MHC-bound peptides so CDR3 motifs and lengths are important in determining specificity for these peptides (6, 33) . In fact, restriction in CDR3 length has been reported to be the first CDR3 characteristic to be selected in murine T cell responses (4) . Spectratyping principally focuses on evaluating repertoire diversity with distributions of CDR3 lengths in transcripts carrying individual BV genes. The presence of restricted or skewed distributions of CDR3 lengths are considered to be indicative of restriction of TCR repertoires presumably through the presence of T clonotypes that have expanded in responses to specific antigens. Studies in mice and humans have shown that the majority of predominant peaks with single CDR3 lengths are comprised of products amplified from multiple b transcripts (34, 35) , suggesting that evaluation of repertoire diversity by CDR3 length distribution alone could lead to underestimation of diversity. However, the more limited involvement of BV and BJ regions in direct contacts with MHC-bound peptides should limit the selection of individual BV-BJ combinations in expansions of T-cell clonotypes in antigen-specific responses. T-cell subpopulations that respond to single peptides appear to express diverse BV and BJ combinations relative to the more restricted CDR3 lengths and motifs, although there are a number of peptides in experimental models that appear to stimulate T cells with restricted BV usage (3, 5) . Therefore, dissection of T-cell repertoires by estimating the distribution of individual BV-BJ combinations should provide estimates of repertoire diversity with reduced biases from previous clonotypic expansions. Amplification of b transcripts with an array of individual BV-BJ primer pairs still facilitates identification of oligoclonal expansions of T-cell clonotypes within total T-cell populations (Figures 6 and 7) .
The BV-BJ matrix method is not without its own technical difficulties and shortcomings. First, it does not reveal skewing of CDR3 length distributions that may indicate previous in vivo priming of T-cell subpopulations. However, the products amplified in BV-BJ matrices could certainly be electrophoretically separated to yield spectra of CDR3 lengths within amplicon populations carrying single BV-BJ combinations. Second, the sensitivity of real-time PCR analysis of TCR repertoires to amounts of starting template and amplification conditions requires careful estimation of percentages of T cells and control of amplification conditions. Routine use of the described method to compare levels of diversity in total T-cell populations should involve enrichment of T cells or CD4 + and CD8 + subpopulations to ensure that percentages of T cells within the populations used for RNA extractions are consistent. Successful control over amplification conditions requires normalization, but the amplification of only $ 0.4% of available b transcripts by individual pairs of BV-BJ primers complicates such normalization that is routinely achieved by amplification with primers specific for unrelated genes that are transcribed at levels comparable to the genes whose transcripts are being analysed. Experiments are in progress to develop rigorous normalization methods for RT-PCRs and BV-BJ matrices to monitor variations in amplification conditions by using total RNA templates that are diluted to yield Ct values that are comparable to those obtained with BV-BJ 60  65  70 75  80  85  90  95  60  65  70  75  80  85  90  95  Temperature   BV8.1+2-BJ2.3 BV8.1+2-BJ2.3
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Normal B10 Spleen HY Graft #1 Figure 10 . Dissociation curves from products of BV-BJ-specific amplications of total RNA from normal splenocytes and rejecting allografts.
primer pairs. Further, routine analysis should include the use of negative control cells, e.g. fibroblasts, to confirm specificity of amplification and detect any crosscontamination. The data presented in Figure 5 show that extended dilutions of total RNA templates may result in speeds of amplification that are slower than expected for the range of dilutions, and the numbers of BV-BJ combinations that exhibit such decreased amplification increase with extended dilutions. These dilution effects would also be expected with spectratyping but may be difficult to identify given that electrophoretic separations of products with complex and variable length distributions complicate analysis. It follows that direct comparisons of TCR repertoire diversities in whole T-cell populations versus tissueinfiltrating T cells should be avoided unless the latter lymphocytes are enriched before total RNA extraction. Such comparisons have been previously reported to show T-cell oligoclonality in biopsies of human inflammatory sites including melanomas and head and neck cancers (12, 36) . Although those analyses most certainly identified overrepresented transcripts, TCR diversity may have been under-estimated given that enrichments of infiltrating T cells were not performed. The BV-BJ matrices are presently being developed for analysis of repertoires of human T-cell populations. Humans express 47 BV genes and 13 BJ genes (37) , and these numbers require increased attention to the design of BV-specific nested primers since the majority of BV genes are closely related members of subfamilies (37) . The resulting matrices of 611 individual BV-BJ combinations will provide even greater resolution than the mouse matrices and increase the efficiency of identifying and sequencing b transcripts from sites of T-cell infiltration. We believe that BV-BJ matrices have the potential to accelerate the analyses of T-cell repertoires in humans and animal models through their technical simplicity, increased levels of resolution and uncomplicated statistical analysis.
